ABSTRACT: InP quantum dots (QDs) are non-toxic emitters, which are considered an alternative to CdSe-based QDs. However, the limited choice and high cost of P precursors have a negative impact on their practical applicability. In this work, we report the large-scale synthesis of highly luminescent InP@ZnS QDs from an elemental P precursor (P 4 ), which was simply synthesized via the sublimation of red P powder. The size of the InP QDs was controlled by varying the reaction parameters such as the reaction time and temperature, and the type of In precursors. This way, the photoluminescence properties of the synthesized InP@ZnS QDs could be easily tuned across the entire visible range, while their quantum yield could be increased up to 60% via the optimization of reaction conditions. Furthermore, possible reaction pathways for the formation of InP QDs using the P 4 precursor have been investigated with nuclear magnetic resonance spectroscopy and it was demonstrated that the direct reaction of P 4 precursor with In precursor produces InP structures without the formation of intermediate species. The large-scale production of InP@ZnS QDs was demonstrated by yielding more than 6 g of QDs per one-batch reaction. We strongly believe that the newly developed approach bears the potential to be widely used for manufacturing inexpensive high-quality QD emitters.
INTRODUCTION
Colloidal semiconductor quantum dots (QDs) have attracted considerable attention in various disciplines due to their unique size-and shape-dependent optical and electronic properties. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] In particular, their light-emitting characteristics in a wide range of wavelengths, i.e., from ultraviolet to nearinfrared, makes them a new class of emitters for various technological applications such as light-emitting diodes, lasers, and bio-medical imaging. [11] [12] [13] [14] [15] [16] [17] As of today, various semiconductors (including the II−VI [18] [19] [20] [21] and III−V 22-24 families) have been suggested for such uses, and InP QDs can be recognized as important candidates for Cd-free environmentally benign emitters, operating across the entire visible range. However, despite the recent efforts to synthesize high-quality InP QDs, reliable protocols are still required for realizing their reproducible size control, narrow size distribution, and large-scale production. In fact, manufacturing of these QDs is negatively affected by the limited choice and high cost of P precursors, which must possess sufficient reactivity to overcome the covalent nature of the In−P bond. [25] [26] [27] The reactivity of P precursors strongly depends on the energy of their P−X bonds (X=Si, Ge, or N). Since Wells et al. have firstly reported a dehalosilylation reaction of an In halide salt with tris(trimethylsilyl)phosphine (P(TMS) 3 ), 28 tris(trialkylsilyl)phosphine (tris(dimethylamino)phosphine, P(NMe 2 ) 3 , or tris(diethylamino)phosphine, P(NEt 2 ) 3 ) represents the most widely used P precursor with a relatively low P−Si bond dissociation energy (around 363 kJ/mol), 29 which leads to its high reactivity during the reaction with an In precursor. At the same time, such a high reactivity of P precursors sometimes results in their fast depletion at high temperatures, 30 ,31 which makes the control of the formation and growth of the resulting InP QDs very difficult. Furthermore, it restricts the large-scale production of InP QDs due to its sensitivity to temperature homogeneity of the reaction batch. Thus, there have been significant research efforts to develop alternative P precursors such as Na 3 P, 32 Ca 3 P, 33 PC1 3 , 34 as well as P 4 . 35, 36 P is one of the relatively abundant elements and typically exists as a phosphate form, which is converted industrially to elemental P, such as white P (P 4 ) and red P allotropes. 37, 38 Red P is considered the most common P allotrope and can be transformed to P 4 , which is the most reactive P allotrope. Also, P 4 exhibits the moderately high bond dissociation energy of 460 kJ/mol of the P-P bond in P 4 29 and thus has been extensively utilized for designing P-containing transition metal complexes. Recently, several attempts have been made to use P 4 and related compounds as precursors for the synthesis of InP QDs via solvothermal reactions. 35, 36 For examples, Xie et al. reported the solvothermal synthesis of InP nanocrystals using P 4 precursor in the presence of the reducing agent KBH 4 . 35 The size of synthesized nanocrystals was in the range of 11-20 nm and, further, nanorods with a diameter of 150 nm were produced. Mézailles et al. synthesized InP QDs with diameters of 2-10 nm via the reaction of P 4 with pre-formed In nanoparticles. 36 However, all these approaches were unable to provide a reliable synthesis route for monodispersed and highly luminescent InP-based QDs.
In this work, we developed a synthesis of InP and InP@ZnS QDs using P 4 as a P precursor, which had been simply synthesized from red P powder. The luminescence colors of InP@ZnS QDs were easily tuned from blue (480 nm) to red (630 nm) by controlling their sizes. In particular, the optimized synthesis condition increased the quantum yield (QY) of InP@ZnS QDs up to 60%. In addition, possible reaction pathways for the formation of InP QDs were studied with 31 Pnuclear magnetic resonance ( 31 P-NMR) technique. Finally, we demonstrate that our synthesis approach allows large-scale production of InP@ZnS. This new-typed P precursor will enrich the chemistry for the synthesis of various metal phosphide nanocrystals. Moreover, we believe that our approach will provide a great potential for various applications of InP QDs as economic and high quality emitters.
EXPERIMENTAL SECTION
Chemicals Indium(III) chloride (99.999%), zinc(II) chloride (98+%), indium(III) iodide (99.998%), zinc(II) iodide (98+%), oleylamine (OLA, 98+%), hexadecylamine (HDA, 98%), dodecylamine (DDA, 99%), octylamine (OTA, 99%), tri-n-octylphosphine (TOP, 97%), tri-n-butylphosphine (TBP, 97%), zinc acetate (99.99%), oleic acid (90%), 1-octadecene (ODE, technical grade, 90%), 1-dodecanethiol (98+%) were purchased from Sigma Aldrich. Phosphorus powder (98.9%) was purchased from Alfa Aesar. Chloroform-D1 was purchased from Merck Millipore. All chemicals above were used directly without any purification.
Synthesis of white P (P 4 ) First, 35 g of amorphous red P powder was put into an Erlenmeyer flask. The Erlenmeyer flask was connected with a 250 ml round-bottom flask using a U-shaped connector ( Figure S1a ). In order to capture vaporized P 4 , the round-bottom flask was lowered into a cooling bath containing a mixture of acetone and dry ice. The red P was heated to 350 °C with a heating rate of 6 °C/min under vacuum and maintained at this temperature for at least 4 h. At this stage, the obtained P was a mixture of red P and P 4 . For further purification, the obtained product was sublimated using a sublimator kit and heated up slowly to 100 °C under vacuum ( Figure S1b ). This sublimation process was performed thrice to improve the purity of P 4 . The finally obtained P 4 was a lump-like solid with a weight of ~28 g and the chemical yield was ~80%. The purity of the synthesized P 4 was confirmed by 31 P-NMR spectroscopy analysis ( Figure S2 ). The 31 P-NMR spectrum shows a single peak that can be assigned to P 4 . In particular, no peaks related to red P were detected. Notes. P 4 spontaneously ignites when it is exposed to the air. Therefore, all synthetic processes to produce P 4 must be carried out in a glove box under inert atmosphere. Additionally, the synthesized P 4 should be stored in the dark (in the glove box) since P 4 transforms slowly to yellow P when exposed to light.
Synthesis of blue emitting InP@ZnS QDs 148.7 mg of indium iodide and 469.2 mg of zinc iodide were dissolved in 3.3 ml of OLA in a 50 ml three-neck flask. This solution was degassed at 120 °C for 1 h and then heated to 180 °C under inert atmosphere. 37 mg of P 4 powder was dissolved into TOP at 80 °C for several hours. Subsequently, the solution was injected into the reaction mixture, which was kept at that temperature for 30 min.
For coating the ZnS shell, the previously prepared InP core solution was heated up to 210 °C. Then, 4 ml of Zn oleate (1.376 g of zinc acetate were dissolved in 4.75 ml of oleic acid at 120 °C under Ar atmosphere and diluted with 10.25 ml of ODE) was added into the InP core solution. After 1 min, 1.8 ml of 1-dodecanethiol was injected into the solution and the reaction was maintained for 90 min. The solution was then cooled down to room temperature and precipitated with the addition of mixed non-solvents of 20 ml of acetone, 10 ml of 1-butanol, and 20 ml ethanol. The mixture was subsequently centrifuged at 5000 rpm for 5 min. The final product was redispersed in hexane.
Synthesis of green emitting InP@ZnS QDs 66.4 mg of Indium chloride and 200.4 mg of zinc chloride were dissolved in 3.3 ml of OLA in a 50 ml three-neck flask. This solution was degassed at 120 °C for 1 h and then heated to 150 °C under inert atmosphere. 2 ml of P 4 -TOP solution containing 56 mg of P 4 was injected into the reaction mixture which was kept at that temperature for 30 min. For coating the ZnS shell, the reaction method and conditions were the same as above.
Synthesis of yellow emitting InP@ZnS QDs 66.4 mg of Indium chloride and 200.4 mg of zinc chloride were dissolved in 3.3 ml of OLA in a 50 ml three-neck flask. This solution was degassed at 120 °C for 1 h and then heated to 180 °C under inert atmosphere. 2 ml of P 4 -TOP solution containing 56 mg of P 4 was injected into the reaction mixture which was kept at that temperature for 30 min. For coating the ZnS shell, the reaction method and conditions were the same as above.
Synthesis of orange emitting InP@ZnS QDs 66.4 mg of Indium chloride and 200.4 mg of zinc chloride were dissolved in 1.65 ml of OLA in a 50 ml three-neck flask. This solution was degassed at 120 °C for 1 h and then heated to 180 °C under inert atmosphere. 2 ml of P 4 -TOP solution containing 56 mg of P 4 was injected into the reaction mixture which was kept at that temperature for 30 min. For coating the ZnS shell, the reaction method and conditions were the same as above.
Synthesis of red emitting InP@ZnS QDs 66.4 mg of Indium chloride and 200.4 mg of zinc chloride were dissolved in 1.65 ml of OLA in a 50 ml three-neck flask. This solution was degassed at 120 °C for 1 h and then heated to 210 °C under inert atmosphere. 1.1 ml of P 4 -TOP solution containing 31 mg of P 4 was injected into the reaction mixture which was kept at that temperature for 10 min. Then, the secondary injection of 0.9 ml of P 4 -TOP solution containing 25 mg of P 4 was performed for the further growth of InP QDs. As before, the reaction mixture was kept at a temperature of 210 °C for 10 min. For coating the ZnS shell, the reaction method and conditions were the same as above.
Optical properties Absorption spectra were recorded with a Shimadzu UV-1800 UV-visible spectrometer. Photoluminescence (PL) spectra were taken with an Agilent FL 1004 M008. Measurements for nanocrystal solutions were performed for each sample at room temperature. Time-resolved PL (TRPL) measurements were performed with a timecorrelated single-photon counting setup (FluoTime 300, PicoQuant) at room temperature. The QD samples were diluted in hexane solution and excited by a 450 and 510 nm CW and pulsed diode laser head (LDH-D-C 450 and LDH-D-C 510) coupled with a laser diode driver (PDL 820, PicoQuant) and a repetition rate of between 196 kHz and 40 MHz. The peak photon count was set to 10000 for all measurements. The PL life time τ was obtained by fitting the decay curve with a tri-exponential decay function.
PL QY of InP@ZnS QDs synthesized from P 4 was obtained by comparing PL intensities between primary dye solution and InP@ZnS QDs at the same excitation wavelength. For example, in the case of InP@ZnS with emission wavelength of 530 nm, Coumarin 545 was used as a primary dye solution and PL intensity was measured at 484 nm excitation wavelength. The relative PL QY of QDs was calculated by the following equation.
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In this equation, I is the integrated area of a PL spectrum, A is the absorbance of a solution at excitation wavelength, and n is the refractive index of the solvent used. Rhodamine 101, Rhodamine 6G, and Coumarin 545 were used as a primary dye solution, depending on their PL wavelengths. The measurements of PL QY and FWHM were conducted on more than five sets of samples exhibiting PL at 480 nm, 530nm, 560 nm, 600 nm, and 630 nm, respectively. The results with standard error are summarized in Table 1 .
Nuclear Magnetic Resonance (NMR) analysis All NMR tubes were baked at 120 ℃ overnight and transferred to a glove box before used. TOP (300 µl) was mixed with chloroform-D1 (300 µl). P 4 (0.05 g) was melted at 80 ℃ and mixed with Chloroform-D1 (500 µl). P 4 (0.05 g) and TOP (2 ml) was mixed at 80 ℃ and 300 µl of P 4 -TOP solution was mixed with chloroform-D1 (300 µl). P 4 (0.05 g), TOP (2 ml) and OLA (2 ml) was mixed at 80 ℃ and 300 µl of P 4 -TOP-OLA solution was mixed with Chloroform-D1 (300 µl). All mixtures were transferred to NMR tubes inside the globe box and used for 31 P-NMR spectroscopy. For the time-evolution measurement of reaction solutions, 1, 3, 10, and 30 min aliquots (300 µl) were taken from the reaction mixture during the synthesis of InP QDs at 180 °C after the injection of P 4 -TOP solution and immediately mixed with chloroform-D1 (300 µl).
Transmission Electron Microscopy (TEM) TEM and HRTEM images were taken with a JEOL JEM-2100 microscope with an acceleration voltage of 200 kV using copper grids (Ted Pella, USA). The hexane solutions containing nanocrystals were deposited on the copper grids.
X-ray Powder Diffraction (XRD) XRD measurements were carried out with a Rigaku Ultimate-IV X-ray diffractometer operated at 40kV/200mA using the Cu Kα line (λ=1.5418 A) Nanocrystal powder samples were placed onto glass substrates after purification by the standard precipitation procedure with hexane as the solvent and acetone and ethanol as precipitation reagents.
RESULTS AND DISCUSSION
InP QDs were synthesized from newly-developed elemental P precursor solution. Red P powder was sublimated to obtain P 4 and, subsequently, it was dissolved in tri-n-octylphosphine (TOP) by stirring at a moderate temperature of 80 °C ( Figure  1a ). The resulting P 4 solution in TOP was then injected into a solution of In halide in oleylamine (OLA) in the presence of Zn halides at a specified temperature (Figure 1a ). OLA served both as a solvent and as a source of ligands for the resulting nanocrystals. [40] [41] [42] It is well known that Zn 2+ ions effectively passivate the growth of InP QDs without diffusing into the InP lattice, thus improving the QD size distribution ( Figure  S3) . 43, 44 To synthesize InP@ZnS QDs, Zn oleate and 1-dodecanethiol were subsequently added into the reaction mixture and aged. The ZnS shell coating significantly improved the photoluminescence (PL) properties of the QDs ( Figure S4) .
The absorption and PL spectra were measured for the synthesized InP@ZnS core@shell QDs over the entire visible range (Figure 1b and 1c) . The absorption spectrum of InP@ZnS QDs shows the distinct first excitonic transition, indicating a narrow size distribution of the nanocrystal ensembles. Furthermore, the first excitonic transition peak in the absorption spectrum of InP@ZnS core@shell QDs was precisely (Figure 1c and e) , as shown in the PL spectrum tuned from 480 nm to 630 nm. The QY of green-and yellowemissive InP@ZnS QDs was reproducibly increased up to a magnitude of 50% and more ( Table 1) . The fact that the blue-, orange-, red-emitting QDs exhibited a lower QY than the green-and yellow-emitting ones (Table  S1 ) is in line with various previous studies, where InP@ZnS QDs were synthesized using P(TMS) 3 , and which report that the highest QY was achieved in green-and yellow-emitting QDs. Furthermore, with our results, we demonstrate for the first time the synthesis of highly luminescent InP-based QDs by using a P 4 precursor, which exhibit a QY that can compete with the QY of InP@ZnS QDs synthesized by using P(TMS) 3 . The full width at half maximum (FWHM) of the PL peak of InP@ZnS QDs was in the range from 50 nm to 80 nm and increased with increasing wavelength of the PL peak (Table  S1) .
TRPL measurements were performed for InP@ZnS QDs with various sizes to investigate the PL decay kinetics (Figure  1d) , and the obtained data were analyzed using a triexponential model depending on the type of indium halide precursor ( Figure S5 ). The average PL decay times measured for the 45 and larger than the value of ~22 ns obtained for the blueemitting QDs synthesized from InI 3 (Table S1 ). It is interesting to note that the portion of the fastest exciton decay component (~3.5 ns) in the blue-emitting QDs was much higher than in the other InP@ZnS QDs. Since the decay time is very sensitive to the surface passivation of QDs due to the recombination of excitons in the internal core state, this phenomenon may originate from surface defects of blue-emitting QDs, synthesized from InI 3 . 46, 47 The steric hindrance effect of I -ions partially capping InP QDs may slow down the surface reaction rate for the ZnS shell coating and form surface defects. 41 In fact, typical InP core QDs without inorganic shell coating are known to exhibit exciton decay times in the order of several nanoseconds, which is comparable to that of the current blueemitting InP@ZnS QDs 48, 49 This phenomenon was further reflected by the relative low QY of blue-emitting InP@ZnS QDs because the QY strongly depends on the degree of surface passivation (Table 1) .
Structural characteristics of InP@ZnS QDs were investigated with transmission electron microscopy (TEM) and X-ray diffraction (XRD) analyses (Figure 2 ). TEM images and size histograms of red and green-emitting InP@ZnS QDs exhibiting PL peaks at 630 nm and 530 nm, respectively, show monodisperse nanocrystals with the average size of 3.83 ± 0.22 nm for the red-emitting ones and 3.31 ± 0.22 nm for the greenemitting ones (Figure 2a-2d) . To obtain the size histogram and distribution, the diameter of at least 50 nanocrystals in three or four low-magnification TEM images ( Figure S6 ) was measured. The size of the QDs was estimated based on the assumption that the nanocrystals were spherical. The high-resolution TEM images (depicted in the insets of Figure 2a and 2b) clearly show lattice fringes of 3.2 Å, indicating the crystalline nature of the QDs. The XRD pattern of InP@ZnS QDs in Figure  2e shows three broad main peaks corresponding to the zincblende crystal structure of InP (JCPDS: 32-0452) with slight peak shifts. These peak shifts are attributed to the lattice contraction arising from an epitaxially grown ZnS shell on the InP core and agree with previously reported observations in the synthesis of InP@ZnS QDs. 50, 51 In the current synthesis, TOP was found to be the proper solvent to dissolve P 4 and to ensure the monodispersity of the nanocrystals and their high QY, when compared to other high boiling point solvents. For example, we comparatively conducted synthesis experiments of InP QDs with TOP, OLA, and tri-n-butylphosphine (TBP) to dissolve P 4 and observed that InP@ZnS QDs synthesized with TOP-P 4 solution showed the sharpest excitonic transition in the absorption spectrum as well as the highest QY in PL spectrum ( Figure S7 ). In addition to the optimization of the P 4 precursor solution, we identified several reaction parameters which are important for the size control and distribution of InP QDs, such as reaction temperatures, growth time, the types and concentration of akylamine, and the type of In precursors. First, the optimized reaction temperature was found to be critical for producing monodispersed InP QDs (Figure 3a) . For example, InP QDs synthesized at reaction temperatures higher than 210 °C or lower than 150 °C for 30 min with InCl 3 precursor and ZnCl 2 additive showed featureless absorption spectra due to their broad size distributions, which indicates an optimum temperature in between 150 °C and 210 °C (Figure S8a and S8b) . Therefore, the green-, yellow-, and orange-emitting QDs were synthesized at a reaction temperature of 150 °C, 180 °C, and 210 °C, respectively. In addition to the reaction temperature, the accessible size range in a reaction can be controlled by varying the type of In halide precursors. We performed the synthesis of InP@ZnS QDs where InCl 3 , InBr 3 , and InI 3 precursors were used in the presence of ZnCl 2 additive under the reaction temperature of 180 o C for 30 min. We found that use of InI 3 in the reaction led to a significant shift of the absorption peak to lower wavelengths. Since halides can be adsorbed on the InP surface, the variation of the binding strength or steric effects may lead to slower growth of QDs (Figure 3b ). To verify a halide termination of nanocrystal surfaces, we performed X-ray photoelectron spectroscopy (XPS) analysis on InP QDs synthesized with InCl 3 and InI 3 precursor in the presence of ZnCl 2 . The XPS spectra of InP QDs synthesized with InI 3 ( Figure S9a) showed peaks in both, the I 3d and Cl 2p region, whereas peaks only in Cl 2p region were observed in the spectra of InP QDs synthesized with InCl 3 ( Figure S9b ). This finding demonstrates that the surfaces of InP QDs are passivated with halide ions, which should originate from InX 3 precursors and the ZnCl 2 additive. At the same time, we cannot rule out the possibility that the type of InX 3 affects nucleation kinetics because the bond dissociation energy of InX 3 decrease in the order of F -, Cl -, Br -, and I -. 52 Based on the halide termination effect, we could synPage 4 of 9
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Chemistry of Materials   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 thesize the smaller-sized and blue-emitting InP@ZnS QDs by using InI 3 precursor and ZnI 2 additive under the same reaction condition for yellow-emitting QDs ( Figure S10 ). The size of InP QDs can also be tuned by the amount of alkylamines and their chain length (Figure 3c and 3d) . 53 The syntheses were conducted by using InCl 3 precursors and ZnCl 2 additive under the reaction temperature of 180 o C for 30 min. To investigate the chain length of alkylamine, 10 mmol of alkylamine was used for this reaction, regardless of their chain lengths. We found that the size of InP QDs was increased by using alkylamine with shorter chain length. The In-alkylamine complex formed during the reaction of InCl 3 with alkylamine acts as an In source. Thus, the heavier In-alkylamine complex may diffuse more slowly into the surface layers of growing InP QDs; as a result, smaller QDs are produced. 53 Since OLA (used as a solvent) also acts as a source of surface passivating ligands for QDs, varying its amount may affect the degree of QD surface passivation during the growth stage as well as the size of the resulting QDs. For example, the orange-emitting QDs can be synthesized by using half the amount of OLA, compared with that for yellow-emitting QDs, at 180 °C for 30 min. We also investigated the effect of the precursor ratio between InCl 3 and P 4 and observed an increase in size while lowering the In/P ratio ( Figure S11 ). Although the various reaction parameters enable adjusting the size of the QDs, the monodispersed red-emitting QDs exhibiting the PL peak at the wavelength higher than 630 nm could not be synthesized under the described conditions. Thus, we performed the experiment that additional P 4 precursor in TOP was injected into the reaction mixture for the synthesis of orange-emitting QDs at 210 °C, making them further grow to form red-emitting QDs exhibiting PL at 630 nm ( Figure S12) .
Elucidation of possible reaction pathways for the synthesis of InP QDs from P-containing precursors is critical for fabricating highly luminescent QDs because all stages of their formation (such as nucleation, growth, and ripening) are significantly affected by the P precursor reactivity. To investigate the mechanism of the reaction described in this study, the entire process was continuously monitored by 31 P-NMR spectroscopy. The 31 P-NMR spectrum of P 4 solution in TOP, OLA, and the mixed solvent of TOP and OLA (Figure 4a ) exclusively show peaks corresponding to P 4 and TOP, respectively. Peaks related to red P and any possible reaction products between P 4 and solvents were not detected. 54 This finding demonstrates the high purity of the P 4 precursor for the synthesis of InP QDs. After the injection of the P 4 solution into the In precursor solution, the P 4 peak in the 31 P-NMR spectrum progressively decreased during the reaction (Figure 4b and 4c) . Furthermore, no other spectral changes were observed during the synthesis except for the decrease in the P 4 peak intensity, indicating that the P 4 precursor reacted directly and only with the In precursor to produce InP without the formation of intermediates ( Figure  S13 ). In addition, no P-containing byproducts were formed during the reaction with P 4 . Since no reactive intermediates were obtained from the P 4 precursor in this study, it can be suggested that the P precursor concentration has decreased slowly during the growth of InP QDs, which is further confirmed by the presence of the P 4 peak in the 31 P-NMR spectrum recorded as late as after 40 min of the reaction.
This result is in sharp contrast to previous studies which reported reaction pathways for the synthesis of InP QDs with various P precursors 37, [55] [56] [57] [58] because the latter are typically transformed to reactive intermediate species. For example, it has been reported that the widely used P(TMS) 3 precursor is transformed to protonated compounds at high temperatures and vigorously reacts with In precursors to form InP QDs. In particular, the recently developed P(NMe 2 ) 3 precursor is utilized with indium halides precursors in the presence of a primary alkylamine, of which the reaction conditions are similar to the currently developed methodology using P 4 precursor. In the former synthesis, P(NMe 2 ) 3 is fully transformed to 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 P(NHR) 3 by the transamination reaction with a primary alkylamine used as a solvent. This intermediate product of P(NHR) 3 acts as a P precursor to react with In precursors. 57, 58 Furthermore, the formation of P(NHR) 3 is easily demonstrated by 31 P-NMR analysis, which clearly shows multiple peaks depending on the number of alkylamines in P(NHR) x in the range of 0~120 ppm. However, in the current synthesis, we could not observe any peaks related to the formation of P(NHR) 3 . The enlarged 31 P-NMR spectra in the range of 0~120 ppm showed solely the peaks related to TOP ( Figure  S14 ). Although the current synthesis shares the similarity with that using P(NMe 2 ) 3 precursor, these results demonstrate the different reaction mechanisms for the formation of InP QDs.
Considering the oxidation states of the In precursor (In   3+   ) , three electrons should be supplied to the reaction to form the InP structure. In the current reaction, to specifically identify the reducing agent, we conducted control experiments in which OLA or TOP were replaced with an inert solvent, in detail 1-octadecene (ODE). In this case, we found that the reaction did not occur in absence of OLA ( Figure S15 ). This observation hints at the reducing effect of OLA on the reaction between In and P precursors. The previous reports on the synthesis of InP QDs using In halides also suggested the importance of the reducing effect for forming InP structures. Xie et al. reported the solvothermal synthesis of InP nanocrystals using InCl 3 in the presence of the reducing agent KBH 4 . 35 Similarly, in two recent mechanistic study of InP QDs by Tessier and Hens 57 and by Mézailles and Dubertret, 58 the authors pointed out the additional role of P(NEt 2 ) 3 precursor as reducing agent in its reaction with In halides.
TOP is often utilized as a P source for the synthesis of metal phosphide nanocrystals. 59, 60 It is difficult to rule out the possibility that TOP acts as a P source in our synthesis rather than a solvent. To clarify this issue, we performed a control experiments where only TOP was injected into the reaction mixture instead of TOP-P 4 solution. As shown in Figure S16 , the reaction mixture with TOP injection does not exhibit any absorption characteristics in the visible range. This finding demonstrates that TOP did not act as a P sources in our synthesis of InP QDs. The described characteristics of the P 4 precursor, including its relatively slow reaction with In halides, can offer the possibility of large-scale production of high quality InP QDs. In fact, the by today typically used P precursor P(TMS) 3 has a critical issue of fast depletion at high temperatures. This limitation restricts the production of InP QDs in a large-scale batch to a reaction which is less sensitive to the homogeneity of the reaction mixture. As an alternative, the relatively slow reaction of P 4 -TOP can provide a solution to this challenge. Thus, scaling up the batch reaction for InP QDs by a factor of 10 successfully yielded 6.3 g of InP@ZnS QDs (Figure 5a) . Furthermore, the synthesized QDs exhibited a QY of 51% in the PL spectrum with a FWHM of 70 nm, which is comparable to the values obtained for the QDs from the small-scale synthesis (Figure 5b ). These results highlight the applicability of the proposed synthetic method to produce high-quality emitters on a large scale.
CONCLUSIONS
In summary, we developed a new-typed P precursor based on P 4 for the synthesis of highly luminescent InP@ZnS QDs. This precursor was easily synthesized from red P powder, which is the cheapest form of P existing on Earth's crust. We systematically studied various reaction parameters to control the size and size distribution of InP@ZnS QDs and therefore, tuning the luminescence color across the entire visible range with the high QY of InP@ZnS QDs (over 60%). In addition, the reaction pathway for the current synthesis using P 4 precursor was investigated by monitoring the reaction during the growth of InP QDs using 31 P-NMR analysis and we found that P 4 precursor directly and slowly reacted with In precursor without the formation of reactive intermediate species. Thus, the relatively low reactivity of P 4 precursor could allow for the large-scale production of InP@ZnS QDs, yielding more than 6 g of QDs per one-batch reaction. The proposed new type of P precursor can be widely utilized in various fields of chemistry. Moreover, we strongly believe that the currently developed approach will pave the way to produce high-quality economic QD emitters, shedding new light on the QD display industry.
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